. Crosssections in the 34-64 MeV energy range were obtained through an activation method combining the stacked foil irradiation technique and gamma-ray spectrometry. The experimental cross sections were compared with the theoretical prediction in the TENDL-2014 and TENDL-2015, TALYS based libraries. Applications in the field of medical radionuclides production is discussed.
Introduction
In the frame of our systematic study of light charged particle production routes of medical isotopes we have investigated the proton induced reactions on lanthanum targets. Among the large variety of possible reaction products the following radionuclides are presently used for applications, mainly in the medical research:
• The relatively long-lived 139 Ce (T 1/2 = 137.6 days) [1] is useful as a standard for the calibration of c-ray detectors and was proposed also for radiotherapy [2] • 135 La (T 1/2 = 19.5 h) can be used for Auger-based therapy [3, 4] • Among a variety of cerium radionuclides, 137m Ce (T = 34.4 h, IT (99.22%), b ? (0.779%)) could be a novel candidate radionuclide in the field of diagnosis owing to its appropriate half-life, and its intense gamma-line at 254.29 keV [5] .
• 134 Ce/ 134 La (T 1/2 = 3.16 days/6.45 min) an Auger electron and positron-emitting generator pair for radionuclide therapy [6] • 131 Cs (T 1/2 = 9.689 days) for brachytherapy treatment [7] We earlier reported on production routes of these radionuclides through irradiation of Xe, Cs, Ba and Pr targets with protons, deuterons and alpha particles [8] [9] [10] [11] [12] [13] [14] [15] [16] . Investigations of nuclear reactions on cerium for formation of these radionuclides is in progress.
Experiment and data evaluation
Experimental determination of the cross-sections was done by an activation method combining the stacked foil irradiation technique and off-line gamma-ray spectrometry. The main experimental parameters and methods used in data evaluation for the present study are summarized in Table 1 . The relevant decay data and the contributing reactions are presented in Table 2 . The reproduction of the excitation function of the simultaneously irradiated 27 Al(p,x) 24, 22 Na monitor reaction, showing good agreement with the recommended data, is shown in Fig. 1 . Al(p,x) 24, 22 Na monitor reaction J Radioanal Nucl Chem (2017) 312:691-704 693
Nuclear reaction model calculation
As lanthanum is practically monoisotopic (see Table 1 ) the measured experimental data actually represent isotopic cross-sections, which can be directly compared to the model calculations. We use the theoretical data presented in the TENDL-2014 and TENDL-2015 [27] libraries, based on both default and adjusted TALYS (1.6) calculations [28] , for the comparison in this study. La abundance is 99.9098%). Activities of different radioproducts were assessed from spectra measured at increasing cooling time after EOB, in order to comply with their half-lives and the decay properties.
Results

Cross sections
Cerium radionuclides
The Ce-radionuclides are formed by direct (p,xn) reactions. The production cross sections of long-lived ground states include the contribution from short-lived metastable state.
Production of 139 Ce The 139 Ce (T 1/2 = 137.641 days) is produced via 139 Ce(p,n) reaction. One earlier experimental data set is available in the literature by Vermeulen et al. [1] up to 20 MeV. We measured only the high energy tail of the excitation function (Fig. 2) . It includes the complete decay of the short lived isomeric state (T 1/2 = 54.8 s, IT: 100%) that corresponds rather well with the TALYS predictions.
Production of 137m
Ce The excitation function of the 137m Ce (T 1/2 = 34.4 h) isomeric state shown in Fig. 3 agrees well with the two, nearly identical, TENDL libraries.
Production of 137g Ce
The independent production cross-sections of 137g Ce (T 1/2 = 9.0 h) were obtained by subtracting the contribution of the decay of 137m Ce (T 1/2 = 34.4 h, IT: 99.21%) at the moment of measurement (Fig. 4) . A slight upward energy shift is noted with respect to the TALYS predictions that are also shifted between themselves.
Production of 135 Ce The radionuclide 135 Ce has two longer lived metastable states, the higher laying shorterlived isomeric state (T 1/2 = 20 s, IT: 100%) and the longlived ground state (T 1/2 = 17.7 h, e: 100%). The measured cross section (Fig. 5) contains the production through the isomeric state decay (m?) and the direct production. The same energy shift between experimental data and the TALYS predictions as above is noted.
Production of 134 Ce The excitation function of the 134 Ce (T 1/2 = 3.16 days, e: 100%) is shown in Fig. 6 , showing good agreement with TENDL-2014 results. TENDL-2015 is higher and shifted by 5 MeV. The production was accessed through the weak (130.414 keV, I c = 0.209%) gamma-line and through the gamma-lines of the short halflife daughter 134 La (T 1/2 = 6.45 min, see Table 2 ).
Production of 133m
Ce Due to the long cooling time before first measurement we could obtain production cross sections (2 data points) only for the longer-lived isomeric state ( 133m Ce T 1/2 = 5.1 h, e: 100%, 133g Ce T 1/2 = 97 min, e: Ce reaction and comparison with TALYS theoretical code calculations 100%) (Fig. 7) . Large difference between the two TENDL libraries is noted.
Lanthanum radionuclides
Production of 135 La The radionuclide 135 La (T 1/2 = 19.5 h) is produced directly and through the decay of parent 135 Ce (T 1/2 = 17.7 h, e: 100%). The independent production cross sections were obtained after subtracting the 135 Ce decay contribution. The excitation function is shown in Fig. 8 and is in reasonable agreement with the two similar TENDL predictions.
Production of 133
La We obtained two cross-section points for production of 133 La (T 1/2 = 3.912 h) near the effective threshold of the excitation function (Fig. 9) . The 133 La is produced directly and through the decay of the isomeric states of 133 Ce ( 133g Ce, T 1/2 = 97 min, e: 100% and 133m Ce, T 1/2 = 5.1 h, e: 100%). The measured cross-section contain the contribution of the shorter-lived 133 Ce parent ground state. The contribution from the decay of the longer-lived isomeric state of the parent 133 Ce was subtracted based on the results of theory but the correction at time of measurement was negligible taking into account the small cross section for production of 133m Ce (2 mb at 65 MeV, see Fig. 7 ). Fig. 11 . Large difference is shown in behavior at higher energy between the two TENDL predictions.
Production of
131 Ba The measured cross-sections of the 131 Ba ground state (T 1/2 = 11.50 days) contain the contribution from the shorter-lived isomeric state (T 1/2 = 14.6 min, IT 100%) and of the 131 La (T 1/2 = 59 min, e: 100%) decay. We could get data only around the effective threshold (Fig. 12 ) that are in good agreement with the TALYS predictions. 
Integral yields
The so called physical integral yields were calculated from a SPLINE fit of our experimental excitation functions and using fitted TALYS data in the missing energy range. The results are presented in Fig. 13 (except four activation products where we had only a few data points). No experimental thick target yields were published for the presently investigated energy range.
Discussion of the production routes for radionuclides relevant for applications
In the strict sense, production routes for a particular radionuclide can be only compared, when experimental data for all involved routes are available. It was, however, shown that reliable comparison is possible using the results of the TENDL library. The main advantage is that results are available for reactions induced by different charged particles on all target isotopes (with possibility to combine the results to elemental targets) and the agreement with the experimental data is acceptable for discussion and drawing conclusions. Many contributing factors should be taken into account in the comparison: production yield, radionuclidic purity, specific activity, required particle, required energy range, availability and price of the target material, complexity of the chemical separation, target recovery, target preparation, target heat conductivity and resistivity, target chemical form, etc. We will only discuss a few major factors here, mostly related to the target, irradiation parameters and radionuclidic purity.
Production of 139 Ce (T 1/2 5 137.6 days)
The main light charged particle reaction routes for production of 139 Ce include the following reactions: La(d, 3n ) are the most productive, but for the deuteron route long-lived 139 Ce is coproduced, with an activity that is about 5000 times lower (ratio of half-lives). In case of alpha induced reactions no radioactive by-product is present, but the yield is low and highly enriched targets are required.
Production of 134 Ce/ 134 La (T 1/2 5 3.16 days/ 6.45 min)
The main possible light charged particle reaction routes for production of 134 Ce include: 132 Ba (a,2n), 139 La(p,6n), 138 La(p,5n), 136 Ce(p,x) and 136 Ce(d,x) (Fig. 16 ). Cs(a,2n) 135 La and 132 Ba(a,n) 135 Ce. The low energy reactions on enriched Ba and Cs isotopes provide 135 La directly with high radionuclidic purity if the energy window is well controlled. Pure 135 Ce can be produced only with the 132 Ba(a,n) reaction, but all other reactions should also be taken into account, because the lanthanum decay product of the simultaneously produced cerium isotopes are either stable or have very long half-life. no enriched target is required and the production cross section is high. Production by using lanthanum target is possible at high energy production machines.
Summary and conclusion
The principal aim of this investigation was to measure the basic cross-section data for production of practically applicable radionuclides and to complement the database for development of theoretical models. In this study activation cross sections of the nat La(p,xn) 139,137m,137g,135,134,133m Ce, We shortly discuss the capability of the presently investigated reactions for routine production of some practically relevant radionuclides in comparison with other production routes. The proton induced nuclear reactions on lanthanum can be taken into account for production of 139 Ce, 137m Ce and 135 Ce/ 135 La. The main advantages are the high yield and the nearly monoisotopic 139 La target.
